A mousebased strategy for cyclophosphamide pharmacogenomic discovery.
pharmacogenetics; mobilization VARIATION IN THE EFFICACY and toxicity of chemotherapeutic agents is consistently observed across human populations (6) . Although many clinical variables have been associated with drug response (age, gender, diet, organ function, tumor biology), genetic differences in drug disposition and drug targets can have a great impact on treatment outcome (4) (5) (6) . Pharmacogenomics is especially important for oncology, as severe systemic toxicity and unpredictable efficacy are hallmarks of cancer therapies. A better understanding of the genetic determinants of chemotherapy response would increase our ability to prospectively identify patients at risk for severe toxicity or those likely to benefit from standard chemotherapy regimens. Bearing in mind the numerous gene products that may interact with a drug as it moves through the body, it is conceivable that virtually any gene in the human genome might be a gene that modifies drug response (17) . Therefore, to more fully understand the genetic basis of drug response, genome-wide mapping approaches are needed in which no a priori assumptions are made about genes or genomic regions associated with the drug effect under investigation. However, the genetic study of host factors influencing drug response is made difficult in humans by issues such as environmental variability and the availability of relevant populations (24, 34) . Consequently, animal model systems are needed to fully understand the genetic basis of drug response.
The laboratory mouse provides an ideal model system for the study of pharmacogenomics. Well-defined inbred mouse strains, in which genetic factors have segregated and become fixed during inbreeding, facilitate the genome-wide analysis of drug response by reducing genetic complexity (28) . Unfortunately, the mouse is currently underutilized in pharmacogenomics research (33) . Therefore, we have used resources provided by the Mouse Phenome Database to assess the impact of genetic variation on hematopoietic responses to the cytotoxic chemotherapy drug cyclophosphamide.
Cyclophosphamide is used for the treatment of many types of solid tumors and leukemias, with unpredictable neutropenia being the primary dose-limiting toxicity (2, 14) . In addition, cyclophosphamide is used for the mobilization of hematopoietic progenitor cells from the bone marrow into peripheral blood (2, 11, 30) . However, mobilizing agents such as cyclophosphamide are not always successful. Therefore, improved understanding of the genetic basis of this variability could lead to more effective strategies for progenitor cell mobilization and cancer treatment. To assess the use of inbred mouse strains as a genetic model system in which to study cyclophosphamide response, we have determined in vitro and in vivo hematopoietic phenotypes in response to this drug in commonly used inbred strains. Our results show interstrain variation in the development of neutropenia and rebound neutrophilia after intraperitoneal injection of cyclophosphamide, as well as in vitro hematopoietic progenitor cell toxicity in response to cyclophosphamide treatment. In addition, the cyclophosphamide-induced mobilization of hematopoietic progenitor cells into peripheral blood varies widely among strains. In an attempt to identify genetic polymorphisms that may influence cyclophosphamide response, interstrain variation in three genes involved in cyclophosphamide metabolism was assessed. These data show that inbred mouse strains are a promising model system for cyclophosphamide pharmacogenomic discovery.
MATERIALS AND METHODS
Mice. The following inbred strains and F1 hybrids were used in this study: C3H/HeJ, C57BL/6J, BALB/cByJ, DBA/ 2J, FVB/nJ, B6D2F1, CByD2F1, C58/J, NOD/LtJ, MOLF/Ei, SM/J, NZB/BINJ, PERA/Ei, SWR/J, C57L/J, SJL/J, A/J, CAST/Ei, SPRET/Ei, 129/SvImJ, PL/J, and AKR/J. All animals were a generous gift from the Mouse Phenome Database at the Jackson Laboratory (Bar Harbor, ME; http:// www.jax.org/phenome). All mice used were between 6 and 10 wk old. All mice were housed in a specific pathogen-free environment and examined daily by veterinary staff for signs of illness. The studies presented here were approved by the Washington University Division of Comparative Medicine, protocol no. 20010354.
Baseline hematopoietic assays. Peripheral blood was obtained from the retro-orbital venous plexus and collected in EDTA-containing vacutainer tubes (Becton Dickinson). Twelve males and twelve females were analyzed for each strain. Automated complete blood count with five-part differential was determined with a programmable murine hematology analyzer (Hemavet 950FS, CDC Technologies, Oxford, CT). For flow cytometric analyses, red blood cells were subjected to hypotonic lysis. The remaining leucocytes were washed in FACS buffer (0.2% BSA, 0.01% NaN 3 in PBS) and stained with phycoeryrthrin-conjugated anti-CD34 (BD Pharmingen) or isotype control. We collected 10,000 scattergated events for each sample using a FACScan (BD Biosciences) running CellQuest software.
Assessment of neutropenia. Cyclophosphamide was dissolved in PBS and injected intraperitoneally at doses of 10, 75, or 200 mg/kg in a total volume of 200 l. Two males and two females from each inbred strain were injected at each dose. Blood from the lateral saphenous vein was collected in EDTA-coated tubes (Microvette CB 300, Sarstedt, Newton, NC) three times per week, and automated complete blood counts with five-part differential were determined. The development of neutropenia and neutrophilic recovery were assessed by monitoring the absolute neutrophil count in peripheral blood over a 3-wk period.
Colony-forming unit assay: granulocyte/monocyte. Bone marrow cells were harvested from two males and two females of each inbred strain and enumerated with a hemacytometer. Cells were diluted to 2 ϫ 10 5 cells/ml in Iscove's MDM medium containing 2% FCS. A dose of 0.3 ml of this dilution (6 ϫ 10 4 cells) was added to 3.0 ml of methylcellulose medium supplemented with Iscove's MDM, fetal bovine serum, BSA, human recombinant insulin, human transferrin (iron-saturated), 2-mercaptoethanol, L-glutamine, rmIL-3, rhIL-6, and rm stem cell factor (MethoCult M3534, Stem Cell Technologies, Vancouver, BC, Canada) where rm designates recombinant murine and rh recombinant human. This medium supports growth of granulocyte, monocyte, and granulocyte/ monocyte precursors [colony-forming unit-granulocyte, -monocyte, and granulocyte/monocyte (CFU-G, CFU-M, and CFU-GM, respectively)]. Duplicate 1.1-ml cultures were plated in 35-mm dishes and incubated at 37°C in a humidified chamber with 5% CO 2. Colonies containing at least 50 cells were counted on day 7. The concentration of 4-hydroxycyclophosphamide (4-HC; the active metabolite of cyclophosphamide) that reduced colony number by 50% relative to untreated control (IC 50) was determined by interpolation from a four-parameter logistic regression fit of cytotoxicity data (GraphPad Prism 3.0, GraphPad Software, San Diego, CA).
Hematopoietic progenitor cell mobilization. Cyclophosphamide was dissolved in PBS and administered by intraperitoneal injection at a dose of 200 mg/kg in a total volume of 200 l in two to four males and two to four females from each inbred strain. Peripheral blood was drawn on day 8 after injection by lateral saphenous vein collection. EDTA-anticoagulated whole blood (20 l) was subjected to hypotonic lysis and centrifuged for 2 min at 5,000 g. The cell pellet was resuspended in 0.3 ml of Iscove's MDM containing 2% FCS and added to 3.0 ml of MethoCult M3534 medium. Duplicate 1.1-ml cultures were plated in 35-mm dishes and incubated at 37°C in a humidified chamber with 5% CO 2. Colonies containing at least 50 cells were counted on day 7.
Single nucleotide polymorphism discovery and genotyping by resequencing. PCR and resequencing of Cyp2c29, Cyp3a13, and Cyp2b10 was performed on the following commonly used inbred strains: C57BL/6J, A/J, AKR/J, FVB/nJ, DBA/2J, C3H/HeJ, BALB/cJ, and C57L/J. PCR and sequencing primers were initially picked with the use of a high-throughput design method, in which we designed two PCR primers and chose one for sequencing. We obtained the genomic sequences with marked intron and exon boundaries (NCBI mouse genome build, November 25, 2002 ; http://www.ncbi. nlm.nih.gov/mapview/map_search.cgi?chrϭmouse_chr.inf) and split the sequence into exons with 600 bases of flanking sequence. If an exon was longer than 800 bases, it was split into fragments shorter than 800 bases. Repetitive and lowcomplexity sequence was masked with REPEATMASKER, using the rodent-specific and mammalian-wide repeats library (Arian Smit, http://ftp.genome.washington.edu/RM). PCR primers were chosen with PRIMER3 [0.9, Unix version, http://www-genome.wi.mit.edu/genome_software/ (26)]. To avoid regions of sequence known to cause sequencing reaction failure, we determined the optimal PCR primer to use for sequencing with custom software developed in house (31) .
To improve the throughput of our reaction, we adopted a new resequencing protocol. This protocol involves adding the primer used for sequencing in 10-fold excess relative to the primer not chosen for sequencing. Primers (Integrated DNA technologies, Coralville, IA) were used at final concentrations of 2.0 and 0.2 M in the reaction. PCR amplification of DNA was preformed with either a single or pooled sample of 4 ng DNAs. All other steps, including PCR and cycle DNA sequencing, followed the protocol described previously (13) . This protocol eliminates the need to add a sequencing primer and remove excess dNTPs after PCR. We identified sequence polymorphisms between strains by aligning analogous sequences using Sequencher 3.0 (GeneCodes, Ann Arbor, MI).
Statistical analyses. Two-way ANOVA and tests for significance were performed with STATISTICA (StatSoft, Tulsa, OK).
RESULTS
Baseline hematology data. To assess pretreatment variation in clinical hematology parameters and provide a framework for interpreting interstrain variation in cyclophosphamide response, levels of pretreatment peripheral white blood cells (WBC) were determined in 19 inbred strains. Analysis of pretreatment total WBC revealed up to threefold variation among strains ( Fig.  1) . A similar analysis was performed by Peters and Barker of the Jackson Laboratory for the Mouse Phenome Database (data available at http://www.jax.org/ phenome). A comparison of the two data sets reveals a high level of consistency. For example, NZB/BINJ has a low WBC count in both data sets (mean WBC Ϯ SD for males of 4.1 1,000/l Ϯ 1.9 in our study vs. 3.5 1,000/l Ϯ 0.8), whereas PERA/Ei has a high-WBC count in both data sets (11.8 1,000/l Ϯ 1.9 in our study vs. 11.5 1,000/l Ϯ 0.6). A two-way ANOVA revealed a significant strain effect and a significant sex effect for WBC counts (Table 1) . A significant strain-by-sex interaction was also detected, in which differences in WBC counts between strains are not the same for males and females. Strain was the variable associated with the greatest influence on WBC count (46.27%).
In vivo development of neutropenia. Myelosuppression is a common dose-limiting toxicity of cyclophosphamide treatment. We sought to determine whether there were differences in susceptibility to neutropenia after cyclophosphamide treatment between inbred strains. For this purpose, we treated the commonly used strains BALB/cByJ and DBA/2J with varying doses of cyclophosphamide via intraperitoneal injection and monitored the neutrophil response over a 3-wk period in both strains. These two strains were selected because of preliminary reports of differential cyclophosphamide response between these strains in the literature (3, 21, 23, 29) . Although no effect was seen with the PBS-only control or at the lowest dose of 10 mg/kg, a single intraperitoneal injection of cyclophosphamide produced the characteristic pattern of neutropenia followed by rebound neutrophilia at doses of 75 and 200 mg/kg (Fig. 2) . Interstrain differences were seen in the development of neutropenia, as DBA2/J had a shorter time to nadir (3 days) compared with BALB/cByJ (5 days), at both 75 and 200 mg/kg cyclophosphamide. In addition, DBA/2J had a pronounced increase in the peak and duration of rebound neutrophilia compared with BALB/cByJ, demonstrating that there are considerable strain differences in the in vivo hematopoietic response to cyclophosphamide. To address these issues statistically, we performed unpaired t-tests to assess strain differences in the mean neutrophil counts at day 3 and day 14 after injection of 200 mg/kg cyclophosphamide. There was a significant difference in neutropenia at day 3 (P ϭ 0.014), but the difference in rebound neutrophilia at day 14 did not reach statistical significance (P ϭ 0.056).
Toxicity of bone marrow-derived CFU-GM to 4-HC. To further explore strain differences in susceptibility to cyclophosphamide-induced neutropenia, we employed an in vitro semisolid culture assay to monitor the growth of granulocyte/monocyte progenitor cells (CFU-GM) derived from bone marrow. Previous studies have shown a relationship between reduction in CFU-GM colonies and the decrease in absolute neutrophil count in vivo after administration of antineoplastic agents (18) (19) (20) . We examined CFU-GM growth-suppressive effects caused by in vitro exposure to 4-HC in 11 inbred strains (Fig. 3) . 4-HC reduced the frequency of bone marrow CFU-GM in a dose-dependent manner, and the strains displayed twofold variation in the concentration of 4-HC that was required to reduce the frequency of CFU-GM colonies by 50% compared with untreated controls (IC 50 ). 
Mobilization of hematopoietic progenitor cells into peripheral blood.
We then explored the basis of strain differences in the development of rebound neutrophilia in vivo after cyclophosphamide administration. Mobilization of neutrophils and hematopoietic progenitors in response to a variety of stimuli likely depends on shared molecular mechanisms (9, 27) . Indeed, cyclophosphamide (along with hematopoietic growth factors and certain chemokines) can be used to mobilize hematopoietic progenitor cells from the bone marrow into peripheral blood in both humans and mice (11, 12, 30) . Although knockout studies have shown that the granulocyte-colony stimulating factor is required for the cyclophosphamide-induced mobilization of hematopoietic progenitor cells from the bone marrow into peripheral blood in mice (11, 12) , the molecular mechanisms that control the movement of hematopoietic progenitor cells from the bone marrow to peripheral blood are not clearly understood.
Using the CFU-GM assay, we determined the number of hematopoietic progenitor cells circulating in the peripheral blood 8 days after an intraperitoneal injection of cyclophosphamide in 13 different inbred strains. This has previously been shown as the day of maximum CFU-GM number in the peripheral blood after cyclophosphamide treatment in mice (12) . Broad variability in the peak hematopoietic progenitor cell response was observed between strains (Fig. 4) . FVB/nJ was the lowest responder, with a CFU-GM colony count of 4 Ϯ 2.5 (SD) for males, and SM/J was the highest responder, with a count of 293 Ϯ 25.1 for males. This represents a 73-fold difference between strains. In addition, there was a significant difference between sexes, with males circulating more progenitor cells than females in every strain analyzed. The strains were concordant with respect to in vivo rebound neutrophilia and peripheral blood progenitor responses (BALB/cByJ low responders, DBA/2J high responders). Fig. 2 . Development of neutropenia and rebound neutrophilia varies between two commonly used inbred strains. Two males and two females from each strain were injected with 200 mg/kg ip cyclophosphamide, and neutrophils were monitored for ϳ3 wk. Data points represent the average absolute neutrophil count Ϯ SD. Fig. 3 . Toxicity of colony-forming unit-granulocyte/ monocyte (CFU-GM) colonies to incubation with 4-hydroxycyclophosphamide (4-HC) in vitro. Bone marrow cells were harvested from 2 males and 2 females of each inbred strain and plated in duplicate methylcellulose cultures. The toxicity curves of the most resistant strain (DBA/2J) and the most susceptible strain (FVB/ nJ) are shown in the graph; each data point represents the mean relative CFU-GM frequency at that dose Ϯ SD. The table (right) shows the interpolated IC50 values for each strain measured.
To establish the dominance relationship of this phenotype, we analyzed two different F1 hybrid strains derived from high-and low-responding parents: B6D2F1 (product of C5BL/6J ϫ DBA/2J), and CByD2F1 (product of BALB/cByJ ϫ DBA/2J). In both cases, low response was the dominant phenotype (Fig. 4) . A twoway ANOVA revealed a significant strain effect and a significant sex effect for progenitor cell mobilization (Table 2) . A significant strain-by-sex interaction was also detected, in which differences in progenitor cell mobilization between strains are not the same for males and females. Strain was the variable associated with the greatest influence on progenitor cell mobilization (65.7%)
The high-and low-responding strains did not differ in the baseline hematology parameters that we measured in Fig. 1 . There was no significant difference in the resting WBC between the low-efficiency responding strain FVB/nJ male mice (mean Ϯ SD of 6.51 Ϯ 1.9 k/l) and the high-efficiency responding strain SM/J male mice (mean Ϯ SD of 5.19 Ϯ 1.6 1,000/l, P ϭ 0.08). In addition, the baseline CD34ϩ frequency in peripheral blood did not differ significantly between FVB/nJ and SM/J males (data not shown).
Analysis of candidate genes. In an initial attempt to correlate genotype with phenotype, three candidate genes were resequenced in strains C57BL/6J, A/J, AKR/J, FVB/nJ, DBA/2J, C3H/HeJ, BALB/cJ, and C57L/J to identify single nucleotide polymorphisms (SNPs) and insertions/deletions that may be associated with cyclophosphamide response. A low degree of variation in in vitro bone marrow CFU-GM toxicity was observed, suggesting the possibility that our observed in vivo differences in cyclophosphamide response were due to differential drug metabolism. Therefore, we identified the UniGene mouse homologues of four human cytochrome P-450 enzymes known to be involved in the metabolism of cyclophosphamide: CYP3A4, CYP3A5, CYP2C9, and CYP2B6 (8, 10, 35) . The identified mouse homologues were Cyp3a13 (mouse homologue of CYP3A4 and CYP3A5), Cyp2c29 (mouse homologue of CYP2C9), and Cyp2b10 (mouse homologue of CYP2B6). Figure 5A shows the action of these genes in the cyclophosphamide metabolism pathway. All exons, and an average of 200 bp of flanking intronic sequence, were amplified and sequenced. Sequences were aligned, and base pair positions containing polymorphisms were identified. In total, 26 polymorphisms were identified in these three genes, including 18 intronic polymorphisms, 6 synonymous SNPs, and 1 nonsynonymous coding SNP ( Table 3 ). The nonsynonymous coding SNP causes a methionine to isoleucine change at amino acid position 106 in Cyp2c29. No polymorphisms were identified in the exons, introns, or untranslated regions of Cyp2b10. Interestingly, only two distinct haplotypes were observed in these eight strains for both Cyp2c29 and Cyp3a13. Figure 5B shows the haplotype structure for both Cyp2c29 and Cyp3a13. Strains are either homozygous for the rare allele at each SNP position throughout the gene or homozygous for the common allele at each SNP position throughout the gene. This suggests a limited amount of ancestral recombination within these genes. When SNP genotypes were correlated with hematopoietic progenitor cell mobilization response to cyclophosphamide, no correlation between this phenotype and any SNP genotype was observed (data not shown).
DISCUSSION
Phenotypic variation between inbred mouse strains provides a useful resource for understanding complex genetic phenotypes. Because drug response phenotypes are not amenable to traditional human genetics strategies, differential drug response between inbred strains provides a unique opportunity for pharmacogenomic discovery. By exploiting these phenotypic differences to identify genes involved in drug response, one can begin to understand the molecular mechanisms behind differential drug response and toxicity (33, 34) . We have therefore assessed the use of the mouse as a genetic model system to study response to cyclophosphamide. In vivo response to cyclophosphamide was found to vary between the commonly used inbred strains BALB/ cByJ and DBA/2J. DBA/2J was more sensitive to neutropenia induced by cyclophosphamide treatment and also had an increase in the peak and duration of rebound neutrophilia (Fig. 2) . To more fully explore genetic variation in neutrophil toxicity and rebound neutrophilia, these two phenotypes were explored separately in more detail. When CFU-GM toxicity in response to 4-HC was assessed in multiple strains, the in vitro strain distribution pattern of CFU-GM toxicity did not reflect in vivo susceptibility to neutropenia. For example, DBA/2J exhibited the most resistance to reduction in CFU-GM colony number in response to treatment with 4-HC (Fig. 3) . In addition, only a twofold variation in 4-HC IC 50 values was observed. One possible explanation for this result is that differential drug metabolism is at least partially responsible for differential susceptibility to neutropenia in vivo, a component of cyclophosphamide treatment that may not be represented in this experimental system. It should be noted, however, that strain differences do exist, suggesting that these strains could be used to study the direct action of 4-HC on hematopoietic progenitor cells.
The development of rebound neutrophilia was then explored in vivo by the assessment of hematopoietic progenitor response to cyclophosphamide. Very large variations in the ability of inbred strains to respond to this agent were observed. These variations did reflect the development of rebound neutrophilia in vivo, as DBA/2J was a high-response strain and BALB/cJ was a relatively low-response strain in both systems. Importantly, FVB/nJ (lowest responder) and SM/J (highest responder) had statistically similar baseline values for circulating CD34ϩ cells and resting WBC counts (Fig.  1) . Although it is possible that these observations reflect strain-dependent differences in the capacity of bone marrow stem or progenitor cells to recover from cytotoxic chemotherapy, previous studies in C57BL/6 mice have shown that the increase in circulating progenitors after exposure to cyclophosphamide do reflect mobilization from bone marrow to blood (12, 15, 16) . Therefore, observed differences in CFU-GM response Three cytochrome P-450 genes involved in the metabolism of cyclophosphamide (italics) were selected for single nucleotide polymorphism analysis. These genes are involved in the activation of cyclophosphamide to its active metabolite, 4-HC, and conversion to an inactive metabolite, deschloroethylcyclophosphamide. B: haplotype distribution for Cyp2c29 and Cyp3a13. In the 8 strains sequenced, only 2 distinct haplotypes were found across the entire gene in both cases. Rows represent individual strains, and columns represent identified polymorphisms described in Table 3 . Gray squares represent homozygosity for the common allele, and white squares represent homozygosity for the rare allele.
likely represent genetic differences in the ability to mobilize hematopoietic progenitor cells. This is the first report of mouse inbred strain differences in hematopoietic stem cell mobilization induced by cyclophosphamide.
Interestingly, similar results are obtained when hematopoietic progenitor cells are mobilized with G-CSF. Inbred strains vary in their ability to mobilize hematopoietic progenitor cells in response to G-CSF, with DBA/2J being the highest responder (25) . These differences have recently been exploited to identify two regions of the genome influencing G-CSF-induced progenitor cell mobilization (7) . None of the cyclophosphamide metabolism genes that we analyzed maps to these regions. Although our results are consistent with the notion that cyclophosphamide induces hematopoietic progenitor cell mobilization through G-CSF receptor signaling (12) , different factors are likely to be operating in the initial phases of progenitor cell mobilization when induced by cyclophosphamide. For example, it has previously been shown that the number of hematopoietic progenitor cells in the bone marrow of G-CSF receptor knockout mice increases after cyclophosphamide treatment (12) . Therefore, the defect in cyclophosphamide-induced mobilization in G-CSF receptor knockout mice appears to be a failure to release progenitors from the bone marrow, rather than an inability to cause the proliferation of progenitors in the bone marrow. In addition, it has been shown that cyclophosphamide and G-CSF act in an additive fashion to mobilize hematopoietic progenitor cells in mice (16) . It is therefore possible that cyclophosphamide provides a major signal for progenitor cell proliferation in the bone marrow, and G-CSF provides a major signal for progenitor cell migration out of the bone marrow. Nevertheless, our results provide a resource for the discovery of genes involved in hematopoietic progenitor cell mobilization. The identification of these genetic factors will contribute to our understanding of this complex process and may offer opportunities to improve current clinical strategies for progenitor cell mobilization.
In an initial attempt to identify candidate SNPs that may be influencing these cyclophosphamide phenotypes, three cytochrome P-450 genes involved in cyclophosphamide metabolism (Cyp2b10, Cyp2c29, and Cyp3a13) were resequenced in eight inbred strains, and 26 polymorphisms were identified. Interestingly, no polymorphisms were identified in the exons, introns, or untranslated regions of Cyp2b10, but numerous polymorphisms were identified in Cyp2c29 and Cyp3a13. Additionally, only two distinct haplotypes were observed in Cyp2c29 and Cyp3a13 for the eight strains that we resequenced (Fig. 5B) . These data confirm similar observations made in a recent landmark study (32) , which demonstrated that the mouse genome consists of long segments of either extremely high or extremely low rates of sequence polymorphism and that many loci in the mouse genome consist of only two shared haplotypes among strains. These results suggest that the founder populations from which these strains were derived were quite limited, an observation consistent with genetic evidence from the Y chromosome (1) . If this pattern of polymorphism is extended through the whole genome, it is likely that relatively few SNPs will need to be genotyped to infer the genotype of an entire haplotype blocks; therefore, relatively few genotypes will be required to infer the genotypes of all haplotype blocks in the genome. This pattern of genomic variation between strains may facilitate the genetic analysis of complex traits by associating haplotype blocks with particular phenotypes among inbred strains. Because differential drug metabolism between individuals has a significant impact on differential drug response observed in the clinic (22), we analyzed our identified polymorphisms in Cyp2b10, Cyp2c29, and Cyp3a13 in an attempt to correlate genotype with phenotype. No definite correlation was found between the genotype at any position and cyclophosphamide response. This result is not surprising, as it is likely that a complex phenotype, such as the cyclophosphamide response, is the result of many genes contributing with varying strengths to the overall phenotype (33) . Therefore, quantitative trait locus analysis and more complex analysis of candidate genes will be needed to fully understand cyclophosphamide response. Because these drug-metabolizing enzymes participate in the metabolism of many drugs, the polymorphisms that we identified will be of use in other studies of drug response and possibly also as genetic markers in future mouse genetic mapping projects.
The genetic mapping of phenotypic differences between inbred mouse strains is an important approach for the dissection of complex traits. Because the Mouse Phenome Database is a publicly available database of phenotypic variation between inbred mouse strains, the Mouse Phenome Database represents a unique and valuable resource to the scientific community for the identification of genes regulating complex phenotypes. In addition, just as the construction of a SNP map in humans is expected to increase our ability to analyze complex traits, future pharmacogenomic studies in the mouse will benefit greatly by large-scale SNP discovery efforts. However, even with necessary improvements in SNP discovery and genotyping technology, issues such as environmental variability and availability of relevant populations will continue to complicate human genetic studies of drug response. Therefore, our data provide a useful framework for the identification of genes and relevant polymorphisms regulating cyclophosphamide response.
